The mitochondria play a pivotal role in regulating glucoseinduced insulin secretion in the pancreatic beta cell. We have recently demonstrated that glutamate derived from mitochondria participates directly in the stimulation of insulin exocytosis. In the present study, mitochondria isolated from the beta cell line INS-1E generated glutamate when incubated with the tricarboxylic acid cycle intermediate succinate 
INTRODUCTION
In the pancreatic beta cell, mitochondrial metabolism plays a pivotal role in the generation of signals that couple glucose recognition to insulin secretion (1) (2) (3) . ATP is generated by mitochondrial metabolism, promoting the closure of ATP-sensitive K + channels and depolarization of the plasma membrane (4) . This leads to an in ux of Ca 2+ through voltage-gated Ca 2+ channels and an increase in cytosolic Ca 2+ ([Ca 2+ ] c ) 1 (5) . The increase in [Ca 2+ ] c is the main trigger of exocytosis, the process by which the insulin-containing secretory granules fuse with the plasma membrane (4) (5) (6) . However, the Ca 2+ signal alone is not suf cient for sustained secretion; furthermore, glucose elicits secretion even under conditions of clamped, increased [Ca 2+ ] c (7, 8) . This secretory response requires another messenger generated by mitochondrial metabolism, distinct from ATP (9, 10) , recently identi ed as glutamate (11) .
In the mitochondria, the tricarboxylic acid (TCA) cycle intermediate succinate transfers reducing equivalents to the electron transport chain on complex II in the reaction catalyzed by succinate dehydrogenase . In permeabilized INS-1 cells, succinate hyperpolarizes the mitochondrial membrane potential (D W m ), consequently rapidly increasing [Ca 2+ ] in the mitochondrial matrix (9, 10) . This mitochondrial activation is associated with a marked stimulation of insulin release, which requires both activation of the mitochondria and a supply of carbon atoms for the TCA cycle (9, 11) .
In the beta cell, glutamate is generated by the mitochondria during glucose stimulation (11, 12) . Under conditions of permissive, clamped [Ca 2+ ] c in permeabilized cells, exogenous glutamate directly stimulates insulin exocytosis independently of mitochondrial function, suggesting that glutamate acts as an intracellular messenger for coupling glucose metabolism to insulin secretion (11) . Glutamate is formed in the mitochondria from the TCA cycle intermediate a -ketoglutarate by glutamate dehydrogenase (13) .
In the present study, we measured glutamate generation from activated mitochondria isolated from rat insulinoma cells INS-1E. Moreover, glutamate dehydrogenase was overexpressed in INS-1E cells to increase the cellular concentrations of glutamate in response to glucose stimulation.
MATERIALS AND METHODS
Cell Culture and Transient Transfection. INS-1E cells, cloned from the INS-1 cell line (14) , were cultured in RPMI 1640 medium with 5% fetal calf serum (11) . Cells were seeded at 10 5 cells/2 ml of RPMI 1640 medium in polyornithine-treated 24-well plates. Three days later, the cells were transiently transfected as previously described (15) , using for each well 6 l l of the polycationic lipid LipofectAMINE (Gibco BRL, Basel, Switzerland) combined with the cDNA mix diluted in RPMI 1640 medium (25 mM HEPES). The cDNA mix was composed of 1 l g of full-length GLUD1, the cDNA encoding human glutamate dehydrogenase (GDH) in pcDNA3, along with 1 l g of human growth hormone (hGH) plasmid as a secretion indicator of efciently transfected cells (16) . Control cells were cotransfected with hGH and an inert mitochondrial protein (mitochondrially targeted aequorin without its prosthetic group) (17) . The liposome and plasmid solutions were then mixed and after incubation for 30 min at room temperature, this transfection mixture was added to the cells and further incubated for 5 h at 37 ± C in air enriched with 5% CO 2 . Two days after transfection, cells were assayed for glucose-stimulated hormone secretion.
Isolation of Mitochondria. Attached INS-1E cells were cultured in 10-cm-diameter Petri dishes for 3-4 days. Mitochondria were then isolated by Potter-Elvehjem homogenization, followed by serial centrifugation as described previously (18) . The mitochondrial pellet was resuspended in a buffer adjusted to » 500 nM free Ca 2+ (140 mM KCl, 5 mM NaCl, 7 mM MgSO 4 , 1 mM ATP, 20 mM HEPES, pH 7.0, 10.2 mM EGTA, and 6.67 mM CaCl 2 ) before protein determination by Bradford's assay.
Mitochondrial Glutamate Determination. Mitochondria were incubated in 0.25 ml of the mitochondrial buffer at 37 ± C for the times indicated. The reactions were stopped by adding 2 l M of the mitochondrial poison carbonyl cyanide p-tri uoromethoxyphenylhydrazone (FCCP) and placing the samples on ice. Mitochondria were then lysed by adding an equal volume of lysis buffer (20 mM Tris-HCl pH 8.0, 2 mM cyclohexanediaminetetraacetate, 0.2% Tween-20) and further sonication. Glutamate concentrations were measured by monitoring the increase in NADH uorescence during oxidation of glutamate in mitochondria extracts in the presence of an excess of GDH (Boehringer Mannheim, Mannheim, Germany) as described previously (11) .
Oxygen Consumption. Rates of oxygen consumption were measured in a 0.5-ml reaction chamber at 37 ± C with a Clarktype electrode (Rank Brothers Ltd., Cambridge, UK). Measurements were made with 35 l g of mitochondrial protein in the mitochondrial buffer.
Secretion Assay. INS-1E cells were cotransfected and cultured in complete RPMI 1640 medium as described above. Before the experiments, cells were maintained for 2 h in glucosefree culture medium, washed, and preincubated in glucose-free Krebs-Ringer bicarbonate HEPES buffer containing (in mM):
135 NaCl, 3.6 KCl, 10 HEPES (pH 7.4), 5 NaHCO 3 , 0.5 NaH 2 PO 4 , 0.5 MgCl 2 , and 1.5 CaCl 2 . After 30 min of preincubation, the cells were incubated in the presence of basal (2.8 mM) or stimulatory concentrations of glucose (7.5 and 15.0 mM) for 30 min at 37 ± C. Insulin secretion was determined by radioimmunoassay, with rat insulin used as a standard (9); hGH secretion was measured with an ELISA kit (Boehringer Mannheim). For all secretion experiments, 0.1% of bovine serum albumin (Sigma, St. Louis, MO) was added to buffers as carrier.
RESULTS
Glutamate Generation from Isolated Mitochondria. Mitochondria were isolated from the beta cell line INS-1E and incubated for various periods at 37 ± C in a KCl buffer containing 500 nM free Ca 2+ and 1 mM succinate (added at time 0) before glutamate contents were measured. The time course of succinate stimulation showed that glutamate was increased by 4.6-fold (P < 0.01) after 5 min and by 23.6-fold ( P < 0.001) after 30 min of incubation (Fig. 1A) . Glutamate generation over a 30-min stimulation period with succinate was inhibited by 87% ( P < 0.001) when mitochondria were kept on ice or by 68% (P < 0.01) when treated with 1 l M of the mitochondrial uncoupler FCCP, thus demonstrating that glutamate formation requires mitochondrial activation (Fig. 1B) . Endogenous amino acids, such as glutamine and aspartate, are the likely donors of ammonia for glutamate synthesis (13, 19) .
The production of glutamate should also depend on the provision of carbons to the mitochondria. To test this, we incubated mitochondria with a -glycerophosphate, which, like succinate, activates the respiratory chain at complex II but, unlike succinate, does not provide carbons to the TCA cycle. As shown in Fig. 2B , a -glycerophosphate (2 mM) was inef cient in increasing glutamate concentrations in isolated mitochondria even though it stimulated oxygen consumption as potently as succinate (Fig. 1C) . Succinate-stimulated respiration was completely abolished in the presence of 2.5 mM of the succinate dehydrogenase inhibitor malonate. In these INS-1E-derived mitochondria, glutamate (1 mM) is not a substrate for the activation of oxidative metabolism, as demonstrated by the lack of effect on oxygen consumption (Fig. 1C) . This is in agreement with experiments performed in rat liver mitochondria, which showed that the GDH pathway is not permissive to glutamate oxidation (20) .
Secretion from INS-1E Cells Overexpressing GDH. Overexpression of GDH was performed in INS-1E cells by transient cotransfection of the GLUD1 cDNA with a hGH plasmid as a secretion reporter of ef ciently transfected cells (16) . Two days after transfection, cells were assayed for glucose-stimulated secretion in static incubation over a 30-min period. To verify that the cells ordinarily were responsive to glucose, we measured both overall insulin secretion (re ecting the total cell population) and hGH secretion (re ecting only the subpopulation of transfected cells: 10%). As expected, overall insulin secretion The results are shown as means § SE of n = 3 independent experiments done in duplicate. *, P < 0.05; **, P < 0.005 versus results at 2.8 mM glucose; , P < 0.005 versus results for control cells. was ef ciently stimulated by 7.5 and 15.0 mM glucose (Fig. 2A) . In transfected cells (Fig. 2B) , the basal hGH secretion at 2.8 mM glucose was not signi cantly different between control and GDH-overexpressing cells (741 § 61 and 827 § 167 pg/well, respectively). Compared with basal hGH release, 7.5 mM glucose stimulated hGH secretion 3.8-fold in control cells versus 6.3-fold in GDH-transfected cells ( P < 0.005). At 15.0 mM glucose, hGH secretion was enhanced 3.3-fold in control cells versus 7.6-fold in cells overexpressing GDH ( P < 0.005).
DISCUSSION
In the consensus model of glucose-stimulated insulin secretion, ATP is generated by mitochondrial metabolism, promoting an increase in [Ca 2+ ] c that constitutes the main trigger initiating insulin exocytosis (4) (5) (6) . In addition, glucose elicits a secretory response under conditions of clamped, increased [Ca 2+ ] c (7, 8) , which requires a mitochondrial messenger distinct from ATP (9, 10) , recently identi ed as glutamate (11) . Cellular glutamate concentrations are indeed increased during glucose stimulation (11, 12) . In permeabilized beta cells, direct activation of the mitochondria with the TCA cycle intermediate succinate markedly stimulates insulin secretion (9, 11) . Succinate transfers reducing equivalents to the electron transport chain on complex II at succinate dehydrogenase (21) , resulting in hyperpolarization of D W m and an increase in mitochondrial [Ca 2+ ] (9, 10) . Activation of complex II can also be achieved by aglycerophosphate (22) , which transfers reducing equivalent to the FAD-linked glycerophosphate dehydrogenase without providing carbons to the TCA cycle (23) . Here we have shown that both succinate and a -glycerophosphate increased mitochondrial respiration, but only succinate was ef cient in promoting the generation of glutamate in isolated mitochondria. These results are in accordance with the previous observation that in permeabilized cells a -glycerophosphat e fails to trigger insulin secretion, although it hyperpolarizes D W m and increases mitochondrial [Ca 2+ ] to the same extent as succinate (9) . This discrepancy can be explained by the lack of anaplerotic effect of a -glycerophosphate on the TCA cycle, that is, failure to increase a -ketoglutarate, the substrate of GDH in the generation of glutamate (13) . Taken together, our results suggest that in the beta cell, GDH preferentially operates in the direction a -ketoglutarate ! glutamate at stimulatory concentrations of glucose. The direction of the enzyme reaction may vary from tissue to tissue, however. For instance, in the liver the reaction moves mainly from a -ketoglutarate to form glutamate, whereas in astrocytes, oxidative deamination of glutamate to provide a -ketoglutarate dominates (19) .
The overexpression of GDH in INS-1E cells and transient cotransfection with a secretion marker further substantiated the role of glutamate in coupling metabolism and secretion. The basal rate of secretion at a nonstimulatory glucose concentration was not affected. In contrast, at stimulatory glucose concentrations, the secretion was potentiated in cells that overexpressed GDH. This approach also mimics the hyperinsulinism syndrome caused by mutations in the GDH gene that result in an increase in enzyme activity (24, 25) . These ndings demonstrate that glutamate is generated by mitochondria and that the GDH plays an essential role in the control of glucose-stimulated secretion.
